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Abstract: We present synthetic Fourier transform light scattering, a method 
for measuring extended angle-resolved light scattering (ARLS) from 
individual microscopic samples. By measuring the light fields scattered 
from the sample plane and numerically synthesizing them in Fourier space, 
the angle range of the ARLS patterns is extended up to twice the numerical 
aperture of the imaging system with unprecedented sensitivity and 
precision. Extended ARLS patterns of individual microscopic polystyrene 
beads, healthy human red blood cells (RBCs), and Plasmodium falciparum-
parasitized RBCs are presented. 
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1. Introduction 
Angle resolved light scattering (ARLS) provides information about the morphological and 
optical properties of scatterers, and it has been widely used in the fields of biology, chemistry, 
meteorology, and astronomy [1,2]. Fourier transform light scattering (FTLS) is a recently 
developed technique that enables the effective measurement of the ARLS signal from 
individual microscopic samples with unprecedented sensitivity [3]. In FTLS, the scattered 
light field from a sample plane is holographically measured and then numerically propagated 
to the far field, that is, the Fourier plane, to calculate the ARLS pattern from the sample. The 
capability and effectiveness of the FTLS has been shown in various applications in diverse 
fields: biological tissues [4,5]; cells [6–9]; colloidal clusters [10]; and light trapping material 
for solar cells [11]. However, the range of scattered angles that can be measured in FTLS is 
limited by the numerical aperture (NA) of optical imaging systems; light from the sample 
scattered at large angles is inaccessible. This limited range is unfortunate because FTLS has 
much to offer the field of microscopy and spectroscopy with its single-shot measurement 
nature, extremely high sensitivity, and capability of targeting individual microscopic samples. 
Furthermore, the high-angle-scattered light usually contains information from sub-
microscopic sample structures. 
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Here we present a novel method, synthetic Fourier transform light scattering (sFTLS), to 
overcome the limited angle issue in FTLS. We demonstrate, by holographically synthesizing 
multiple scattered fields obtained with different angles of illumination, the two-dimensional 
ARLS signal be extended up to twice the NA of imaging system. In addition, the signal-to-
noise ratio (SNR) of the sFTLS signal is dramatically increased due to the acquisition of 
multiple exposures between which the noise is uncorrelated. The measurements of large-angle 
light scattering patterns are demonstrated using individual polystyrene beads and SU-8 
photoresist disks. We also present light scattering measurements from individual live human 
red blood cells (RBCs) and Plasmodium falciparum-parasitized RBCs (Pf-RBCs). 
2. Theory and simulations 
2.1 Fourier transform light scattering (FTLS) 
The principle of FTLS is to first measure the scalar electric field (E-field) at the image plane 
and then numerically propagate it to the far field using the Fourier transform operation [3,12]. 
The E-field at the image plane can be measured using quantitative phase microscopy. 
Recently, it has been shown that conventional microscopy equipped with coherent 
illumination can also be used for FTLS [13]. 
The propagation of the scattered field from a sample in the z-direction can be described by 
the paraxial approximation to Helmholtz’s equation: 
 2 ( ) 2 ( ) 0,U ik U
z
∂∇ + =
∂
r r  (1) 
where ( )U r  is the complex amplitude of the scattered E-field at a transverse position r = 
(x,y), k is the wavenumber, and 2∇  is the transverse part of the Laplacian operator. The far-
field solution of Eq. (1) is well known as Fraunhofer diffraction, 
 
( )2 2 0 0
0 0 0 0 0
1( , ) exp ( , ) exp ,
2z
xx yyx yU x y ik U x y ik dx dy
i z z zλ
  +  +
= − −           (2) 
where ( ),zU x y  is the far-field propagation of the initial field ( )0 0 0,U x y  and λ  is the 
wavelength. This field distribution ( ),zU x y  is directly proportional to the 2D Fourier 
transformation of an initial E-field, ( ) ( )0 0 0 0, , ,U FT U x yξ η =     where 
 
2 2
sin cos , sin sinm m
n nπ πξ θ φ η θ φλ λ= =  (3) 
represent spatial frequencies along x- and y-directions, respectively. The refractive index (RI) 
of the medium is denoted ,mn and θ, φ are polar and azimuthal angles of the scattered vector, 
respectively. Even though Eq. (2) is, strictly speaking, only valid in the paraxial 
approximation, there is, more generally, a one-to-one correspondence between transverse 
spatial frequency and scattering angle. Thus, the simple Fourier transformation of the E-field 
( )0 0 0,U x y  measured at the image plane gives the ARLS spectrum of the sample (up to an 
angle-dependent correction factor). 
2.2 Synthetic Fourier transform light scattering (sFTLS) 
Here we present the concept of sFTLS. sFTLS measures extended ARLS by numerically 
synthesizing the scattered light signals acquired with different angles of illumination. In 
sFTLS, the angle range of ARLS can be extended up to twice the NA of imaging system. The 
#194456 - $15.00 USD Received 23 Jul 2013; revised 6 Sep 2013; accepted 7 Sep 2013; published 16 Sep 2013
(C) 2013 OSA 23 September 2013 | Vol. 21,  No. 19 | DOI:10.1364/OE.21.022453 | OPTICS EXPRESS  22455
principle of sFTLS is illustrated in Fig. 1. In FTLS, the maximum angle of the scattered 
vector maxθ is fundamentally determined by the NA of the optical imaging system: 
 maxsin ,mNA n θ=  (4) 
where mn  is the refraction index of the medium in which the lens is situated. As shown in Fig. 
1(A), a scatterer is illuminated with a coherent plane wave, and only a fraction of the 
scattered field, limited by the NA of an objective lens, is obtained. Therefore, the range of the 
FTLS signal in Fourier space is limited by a circle with a radius of 2 NA .NAk π λ=  
(A)
(B)
(C)
kx
ky
kx
kz
|k0||k0|
|kNA|
kx
ky
kx
kz
kx
ky
kx
kz
Un-scattered vector
 
Fig. 1. Illustrations of light scattered field at image and Fourier space with: (A) a normal angle 
of illumination; (B) an oblique angle of illumination; and (C) synthesized aperture with two 
different illuminations. Acceptable scattered light is limited by the NA of an objective lens, 
depicted as filled circles. Dotted rings depict the cross-sections of Ewald spheres in the normal 
illumination case [23]. 
To overcome this angle limitation, sFTLS employs the principle of the aperture synthesis. 
This principle was first introduced in the field of synthetic aperture radar [14], and then 
widely utilized in microscopic imaging techniques in order to increase spatial resolving power 
(for example, structured illumination microscopy [15], synthetic aperture holographic optical 
microscopy [16–18], and super-resolution digital holographic microscopy [19]). 
The scattered E-fields obtained with different angles of illumination permit the high-
spatial-frequency information beyond the NA of the imaging system to be delivered, which is 
captured holographically and synthesized in Fourier space. This corresponds to the expansion 
of the angle-range of the ARLS signal, beyond that which is ordinarily accessible. As shown 
in Fig. 1(B), the scattered E-field obtained with a specific off-axis illumination angle is still 
limited by the NA. Nonetheless, due to the shifted input spatial frequency ( )0 0,ξ η  due to the 
specific off-axis illumination, the region of the Fourier spectrum corresponding to this E-field 
is not identical to that due to a normal illumination angle. As a result, it is possible to access 
high-spatial-frequency components beyond the NA of the system. 
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In sFTLS, multiple E-fields ( )0 0 0 0 0, ; ,U x y ξ η  scattered from a sample are first measured 
with different angles of illumination ( )0 0,ξ η . Then, the corresponding Fourier spectra of the 
E-fields ( )0 0 0, ; ,U ξ η ξ η are laterally translated to ensure that the spectra are in the same 
coordinate system, so that they are represented ( )0 0 0, ; , ,x yU k k ξ η  where the indices are 
defined as 
 0 0, .x yk kξ ξ η η= − = −  (5) 
Then these scattering spectra are stitched and synthesized into an angular scattering 
distribution with an extended angle of acceptance: 
 ( ) ( )
( )0 0
0 0 0
,
ˆ , , ; , .x y x yU k k U k k
ξ η
ξ η=    (6) 
2.3 Selective synthesis 
Given the illumination wave direction, each component of the scattered wave Fourier 
spectrum corresponds to a particular 3D sample spatial frequency. Its z-component is: 
 2 2 2 2 2 20 0 0 0 ,zk k kξ η ξ η= − − − − −  (7) 
where 0 2 mk nπ λ=  represents the radius of Ewald’s sphere, given the RI of a medium mn . 
As is implicit from Eq. (7), two points in spatial frequency space sharing the same (kx, ky) 
pair, but accessible with different illumination angles, will have different kz components. This 
becomes problematic for aperture synthesis with a sample of finite thickness, especially for 
large scattering angles. 
The light fields scattered from a thick sample cannot be precisely synthesized by simply 
stitching at Fourier space as is done in conventional synthetic aperture approaches. This issue 
has been implied by previous research in which samples were required to be thin [19–21], and 
explicitly pointed out by Hillman et al. [22], which utilized a reflection geometry, the kz 
displacement between the spatial frequency regions acquired with different polar illumination 
angles necessitated that polar angle be fixed, and only azimuthal angle varied to generate an 
annular synthetic aperture. For the wide-field imaging application, this provided an 
advantage. However, for our purpose, such an approach would unnecessarily trade off the 
low-frequency information of the sample. We use a transmission geometry, for which the kz-
variation between different acquisitions is much less severe: indeed, all interferograms 
contain some information in 3D Fourier space within the vicinity of the region kz = 0. We 
describe how to exploit this fact in the following paragraphs. 
To systematically address this issue of aperture synthesis in sFTLS, we define thin-sample 
limit σ of a sample with a crude maximum thickness of h, as follows: 
 
0
.
k h
π
σ =  (8) 
The dimensionless parameter σ serves as a criterion of thinness to guarantee the validity of the 
aperture synthesis. Intuitively, σ can be understood as the optical thickness of a sample that is 
normalized by wavelength of the light. 
Within a certain range determined with σ, measured scattered far-fields can be 
approximated as ˆ ( , ,0),x yF k k  that is, 0ˆ ˆ( , , ) ( , ,0).x y z x yF k k k k F k kσ< ≅  Alternatively 
expressed, within the range 0 ,zk kσ<  ˆ ( , , )x y zF k k k  is strongly correlated with ˆ ( , ,0).x yF k k  
In other words, using the limited fraction of each scattering spectrum satisfying 0 ,zk kσ<  
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sFTLS signals can be effectively and precisely synthesized from scattered E-fields with 
different angles of illumination, a process we call selective synthesis. 
To demonstrate the validity of sFTLS with selective synthesis, we performed numerical 
simulations (Fig. 2) using three phantoms with uniform optical properties: a thin disk; a thick 
disk; and a thick sphere. Employing the First Rytov approximation [23], we preset the 3D RI 
distribution of the sample ( ),sn r  and calculated the corresponding 3-D scattering potentials 
( )
2
20( ) ( ) 1 .
4 s m
kF n n
π
 = − r r  From ( ),F r  we derived expected results for the far-field 
scattering patterns of each sample. These simulations represent the inverse operation of 
constructing 3D RI tomogram from angle-varying holographic results. Since this simulation is 
based upon the First Rytov approximation, it cannot predict the real result precisely. 
However, in cases where ( )F r  varies slowly over space such as for uniform beads, uniform 
disks and almost all biological samples, it has been shown that the First Rytov approximation 
represents quite reliable results, compared with exact solutions [24]. 
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Fig. 2. Simulated light scattering potentials and synthesized ARLS patterns of: (A) a thin disk; 
(B) a thick disk; and (C) a think sphere. The parameters ns = 1.587, nm = 1.511, λ = 633 nm for 
all cases. Cross-sections of the scattered potential at ky = 0 are depicted in the middle column; 
the solid blue arcs depict the fraction of Ewald’s surfaces for the normal illumination with NA 
= 1.4. The right column shows the sFTLS signals for various conditions. Blue lines: Angular 
spectra for normal illumination. Red lines: spectrum within the thin-sample limit. Dotted black 
lines: scattering spectra within the plane kz = 0. 
The Rytov approximation was used in this study, since it works independently of the 
sample size, whereas the Born approximation depends on the sample size; the samples used in 
this study are optically transparent, but are thicker than wavelength of light. In some cases 
such as for thinner samples with the same order of optical complexity, the First Born 
approximation shows more reliable results; the choice of approximation in the reconstruction 
should be carefully considered [25,26]. 
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For a thin sample [Fig. 2(A)], the sFTLS signals obtained with and without the selective 
aperture synthesis do not show significant difference from each other, and both sFTLS signals 
are comparable with ˆ ( , ,0).x yF k k  Ideally, for a sample with zero thickness, i.e., for which 
( )( ) ( , ) ,F F x y zδ=r ˆ ( , , )x y zF k k k  has a constant value along zk -axis. Therefore, all points 
with the same ( , )x yk k pair carry identical information. However, the sFTLS signals from 
thick samples without the selective aperture synthesis show significant deviation 
from ˆ ( , ,0),x yF k k  and this deviation becomes greater for large scattering angles [Figs. 2(B) 
and (C)]. For thick samples, the sFTLS signals with selective aperture synthesis show good 
agreement with the expected results (scattering spectra within the plane kz = 0). 
In addition, the validity of the criterion of thinness can be checked with the observation 
that the first minimas of the z-directional autocorrelations for ˆ ( , , )x y zF k k k for the thick 
samples in Figs. 2(B) and 2(C), are equal to 02 k hπ  and ( )01.43 2 ,k hπ  respectively. 
In the Fig. 2, we display all graphs in the form of angle versus intensity to compare with 
the FTLS results. However, using sFTLS with selective synthesis, we can even measure the 
information beyond 90  along the scanning axis, 0 ,xk k>  which cannot be represented by 
an angle-intensity plot due to the finite domain of arcsine [See also Fig. 1(C)]. 
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Fig. 3. Simulated sFTLS with the selective synthesis. The sFTLS signals from a phantom 
sphere are synthesized with (A) 3 illumination angles and (B) 600 illuminations angles. 
Vertical dotted lines represent a range for the selective synthesizing, and corresponding width 
after synthesis (horizontal). Scale bars indicate 2.5 μm−1 (C) Various simulation results of the 
same phantom sphere. Only sFTLS with selective synthesis matches with kz = 0 information. 
The detailed procedure of sFTLS is shown in Fig. 3. Figure 3(A) shows the ARLS 
patterns synthesized with three representative FTLS spectra obtained with different angles of 
illumination. Only the fractions of each spectrum satisfying the condition 0zk kσ< are 
utilized for the selective aperture synthesis. Figure 3(B) shows the final sFTLS pattern after 
synthesizing 600 FTLS signals. For simplicity and computational efficiency, we set the y-axis 
as a pair of rotation coordinates (φ = 0, π). We also simulated FTLS and sFTLS without 
selective synthesis, and sFTLS with selective synthesis for same phantom sphere (Fig. 3(C)). 
The results clearly show a fundamental limit of FTLS and problem of the conventional 
synthesizing method. 
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In summary, we have shown that the conventional holographic synthesis method has 
systematic problems for thick samples, since it accesses regions of a 3D, not a 2D Fourier 
map, a fact that has been used for 3D RI tomogram reconstruction, considering diffraction 
[27]. To manage the issue, we have proposed a selective synthesis method, defining the ‘thin 
region’ ( 0zk kσ< ) of the 3D Fourier map. It is noteworthy that this thin region is identical to 
the 2D Fourier transform of the projection of the sample onto a single xy image plane [28]. 
3. Experimental results 
3.1 Instrumentation 
To measure FTLS signals with different angle of illumination, we have used a quantitative 
phase imaging system equipped with a two-axis galvano-mirror device (See Ref [29]. for the 
details). Either a diode-pumped solid state (DPSS) laser (λ = 532 nm, 100 mW, SDL-532-
100T, Shanghai Dream Laser, China) or a He-Ne laser (λ = 633 nm, 5 mW, HNL050R, 
Thorlabs, US) was first spatially filtered and used as an illumination source. The two-axis 
galvano-mirror device (GVS012/M, Thorlabs, US) was located at a plane conjugate to the 
back-focal-plane of a condenser lenses (60 × , NA = 0.9, UPLFL N, Olympus, Japan) and 
controlled the illumination angle of the beam by changing the angle of the x- and y- axes of 
the mirrors. The high NA objective lens (100 × , NA = 1.4, oil-immersion, UPLSAPO 
100XO, Olympus, Japan) collected the diffracted beam from a sample. The diffracted beam 
from individual samples was then projected to the image plane where it interfered with a 
reference wave with slight off-axis illumination to form a spatially modulated interferogram. 
A CMOS (complementary metal oxide) camera (FASTCAM 1024 PCI, Photron, Japan) was 
used to record the interferograms. By varying the angle of illumination from 35θ = +   to 
35θ = −   (inside of medium, nm = 1.511, λ = 532 nm) by the galvanometer. 
To construct one aperture-synthesized scattering map, we typically recorded 600 
interferograms at the acquisition rate of 125 ~5,000 frames/sec. Processing time for the 
reconstruction was approximately 1 min for 600 interferograms (384 × 384 pixels), using a 
64-bit MatLabTM with a personal computer (Intel Core i5-3550 3.3GHz, 8 GB RAM 
memory.) 
3.2 sFTLS of microscopic transparent objects 
To demonstrate the capability of sFTLS, we first measured individual microscopic transparent 
objects: a polystyrene bead with diameter of 3.6 μm and ns = 1.5986 (79166, Sigma-Aldrich 
Inc.); and a photoresist (PR) disk with diameter of 3 μm, thickness of 1 μm, and ns = 1.599. 
These samples were chosen as test objects because they are physically robust and have sizes 
and optical properties comparable with the phantoms used in the theory and simulation 
discussed in Section 2. 
The PR disks of SU-8 (an epoxy-based negative photoresist) are fabricated by a 
conventional MEMS technology [30]. In order to peel off PR disks from a silicon substrate, a 
300 nm thick silver layer is used as a sacrificial layer. After development, the silicon wafer is 
immersed in SC-1 (1 H2O2: 1 NH4OH: 5 de-ionized water in volume ratio) for 3 minutes to 
etch the silver layer. Individual micro-structures immersed into oil (nm = 1.519 at 532 nm, 
IMMOIL-F30CC, Olympus) in order to reduce diffraction are sandwiched via two cover 
glasses. 
The diffracted beams were measured with the off-axis interferometer using the DPSS laser 
(λ = 532 nm) described in Section 3.1. For the same sample, we recorded 600 interferograms 
corresponding to the different angles of illumination. The conventional FTLS signal is 
obtained from normal angle of illumination and the sFTLS signal is synthesized from the 600 
interferograms as described in Section 2.3. 
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Fig. 4. Experimental results. ARLS signals of (A) a polystyrene bead (diameter = 3.6 μm) with 
ns = 1.5986 and (B) a SU-8 photoresist disk (diameter × thickness = 3 μm × 1 μm) with ns = 
1.599 immersed in oil, nm = 1.519, λ = 532 nm. The first and second columns show the light 
scattering spectra in Fourier space obtained with FTLS and sFTLS, respectively. Scale bars 
indicate 2.5 μm−1. (C) and (D) The light scattering spectra along the scattering angle for the 
polystyrene bead in (A) and the photoresist disk in (B), respectively. The simulation graphs are 
calculated in the manner of Fig. 3. 
The FTLS and sFTLS signals for individual beads and disks are shown in Fig. 4(A) and 
4(B), respectively. In FTLS, the maximum observable angle is fundamentally limited by the 
NA of the objective lens, which is 68° in the present experiment. However, in sFTLS, the 
maximum observable angle is 90° (and even beyond theoretically), since sFTLS 
systematically synthesize the NA and expand the maximum observable angle. 
Also noteworthy is the fact that the signal-to-noise ratio (SNR) in the sFTLS signals is 
significantly enhanced in comparison with the one in the FTLS. For example, the sFTLS of a 
polystyrene bead exhibits characteristic oscillatory features in the scattering spectrum up to 
65°, whereas the FTLS signal shows an oscillatory spectrum only up to 55°. For a weak 
scattering sample such as the individual SU-8 microdisks, the effect of enhanced SNR 
becomes more significant. The sFTLS of an SU-8 microdisk shows the oscillatory features in 
the scattering spectrum up to 65° (9 peaks), whereas the FTLS signal shows oscillatory 
spectrum only up to 20° (3-4 peaks.) The increased SNR in sFTLS results from the synthesis 
of multiple apertures; a set of replicate measurements are averaged for scattering spectra. In 
principle, the SNR will be increased in proportion to the square root of the number of 
measurements. Therefore, the sFTLS signal, synthesized from N scattering spectra obtained 
with different angles of illumination, would have an SNR increased by a factor of N  at 0°, 
that will reduce to unity at the maximum angle of acceptance. 
3.3 sFTLS of biological samples 
In order to demonstrate the capability of sFTLS, we used it to measure individual biological 
samples. The sFTLS signals of a RBC and a Pf-RBC were measured. RBCs and Pf-RBCs 
were prepared following the standard protocol [31]. RBCs from a healthy donor were 
collected in vacutainer tubes containing an anticoagulant (ethylenediaminetetraacetic acid or 
EDTA), which were centrifuged at 2000 g for 10 min at 10°C to separate the RBCs from the 
surrounding plasma. The RBCs were then washed three times with phosphate-buffered saline 
(PBS). After washing, they were diluted in PBS to approximately 106 RBC per ml prior to the 
experiments. P. falciparum 3D7A were maintained in leukocyte-free human O + erythrocytes 
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(Research Blood Components) under an atmosphere of 3% O2, 5% CO2, and 92% N2 in RPMI 
medium 1640 (Gibco Life Technologies) supplemented with 25 mM Hepes (Sigma), 200 mM 
hypoxanthine (Sigma), 0.209% NaHCO3 (Sigma), and 0.25% albumax I (Gibco Life 
Technologies). Cultures were synchronized successively by concentration of mature schizonts 
by using plasmagel flotation [32] and sorbitol lysis 2 hours after merozoite invasion to 
remove residual schizonts [33]. 
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Fig. 5. Experimental results. ARLS signals of a healthy and a Pf-RBC at ring stage. (A) and 
(B) show the quantitative phase images of a healthy and a Pf-RBC at ring stage, respectively. 
The first column shows the before-and-after-synthesis quantitative phase imaging of the cells. 
(C) and (D) the light scattering spectra along the scattering angle for the healthy RBC in (A) 
and the Pf-RBC in (B), respectively. 
The diluted RBC samples were sandwiched between two cover glasses, and then the 
diffracted beams were measured using the off-axis interferometer with the He-Ne laser (λ = 
633 nm), as explained in Section 3.1. The ARLS signals from individual RBCs and Pf-RBCs 
at ring stage are shown in Figs. 5(A) and 5(B), respectively. For a healthy RBC [Fig. 5(A)], 
the sFTLS signal shows the characteristic oscillatory peaks up to 80°, which is consistent with 
the previous result from the numerical simulation. However, FTLS measured scattering 
spectra only up to 71° (theoretical limit) and the FTLS signal beyond 25° suffers from 
considerably low SNR. The sFTLS signal of the Pf-RBC exhibits the significant SNR 
enhancement of the measured scattering signal as well as extended measurement angle range. 
As can be seen in Fig. 5(B), the FTLS signal beyond 10° suffers from considerably low SNR 
whereas the sFTLS signal measured from the same cell shows scattering signals up to 40°. 
This is because the amount of light scattering from Pf-RBC is reduced due to the decrease in 
refractive index of the cell cytoplasm, which is caused by the degradation of the hemoglobin 
protein by malaria parasites. 
4. Conclusions 
We have presented a novel light scattering spectroscopy method, sFTLS, in order to measure 
ARLS signal from microscopic individual samples. Using the principle of aperture synthesis 
and a FTLS technique, we demonstrated that ARLS from individual objects can be 
quantitatively and precisely measured over an extended range of light scattering. To achieve 
this goal, we introduced the concept of selective aperture synthesis to solve the thick sample 
problem. We also measured the ARLS signals from both individual microstructures and live 
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biological cells (individual RBCs and Pf-RBCs) up to a scattering angle of 90°, for the first 
time to our knowledge. For comparison, the ARLS signals were retrieved using both the 
FTLS and sFTLS techniques. Using sFTLS, we measured ARLS signals over the extended 
range of scattering angles, whereas the maximum observable angle in the conventional FTLS 
was fundamentally limited by the NA of the objective lens. Furthermore, sFTLS provided 
significantly enhanced SNR due to the synthesis of multiple apertures. The present method 
will expand up potential applications of FTLS, from the characterization of individual 
particles at the micro- and sub-micrometer scale [34], to the investigation of subtle alterations 
in the light scattering signals in biological cells associated with human diseases [35–37]. 
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